An improved method for the densified mixture design algorithm and Fuller 11 curve were used to design high-density sulphoaluminate cement concrete (HDSC). The 12 performance of HDSC is significantly influenced by the paste thickness on the coated 13 aggregates. Sulphoaluminate cement concrete mixtures containing aggregates coated 14 with 3 different paste thickness of t=10μm, 20μm, and 30μm and water-binder ratios 15 (W/B) of 0.25, 0.30 and 0.35 were prepared. The results of experiments show that 16 paste thickness on the coated aggregates significantly influences the mechanical 17
Introduction
Sulphoaluminate cement is a type of "low energy" cement compared to Portland 26 cement [1] , possessing advantageous properties such as high early-age compressive 27 strength, short setting time and shrinkage compensation and it is typically used in the 28 marine engineering field [2] [3] [4] . However, as a special type of cement, the mechanical 29 properties and durability [5-6] of sulphoaluminate cement concrete (SACC) has not 30 been well studied. Under harsh environments, the harmful external ions and water can 31 easily permeate into the concrete interior, destroying its structure and shorten its 32 service life. However, a compact concrete structure can lead to improved strength and 33 durability. The importance of pore structure and its impact on durability has been 34 highlighted in numerous studies [7] . Many researchers also found that the concrete 35 pore structure improved the interfacial transition zone (ITZ) and dominated 36 engineering properties, such as strength and durability [8] [9] . For such reasons, 37 high-density concrete has been widely used to achieve outstandingly durable concrete 38 structures. 39 However, it must be noted that little work has been conducted on SACC mixture 40 design as a high-density concrete. Therefore, the major work required is designing an 41 appropriate mix proportion to produce the high-density sulphoaluminate cement 42 concretes (HDSCs). The densified mixture design algorithm (DMDA) is derived from 43 the maximum density theory and excess paste theory, proposed by Hwang et al. 44 [10] [11] [12] . This method is based on the hypothesis that the physical properties can be 45 optimized when the packing density is high. The major difference from the other 46 mixture design algorithms is that instead of partial replacement of cement, DMDA 47 incorporated the use of fly ash to fill the void between aggregates and hence increase 48 the density of the aggregate system. In such a way, the cement paste content can be 49 reduced without affecting the other properties such as workability, and strength [13] . 50 Lots of research [13] [14] [15] [16] shows that it is feasible to produce the eco-friendly 51 construction bricks, lightweight concrete, high-performance concrete and 52 self-compacting concrete using the DMDA method with the incorporation of an 53 admixture, such as fly ash or slag powder. However, to simplify the derivation, it is 54 necessary to assume that the aggregate is spherical, which is physically very hard to 55 achieve and thus gives rise to errors. 56 In additional, it is commonly thought that the cement paste volume is a key factor 57 in achieving a desirable concrete workability and durability [17] [18] [19] . A work studied the effect of cement content on transport processes important to the durability of 59 concrete structures, such as electrical conduction and chloride diffusion. It was found 60 that the resistance to transport reduced as cement content was increased associated with its production process. 73 In this paper, an improved DMDA method is developed to simplify the 74 calculation process. Introducing the assumption that the aggregates are square and 75 spherical in shape allows a more accurate engineering design requirement to prepare 76 HDSC. The Fuller curve was used to calculate the aggregate gradation, and the sieve 77 analysis was used to calculate the specific surface area of aggregates. Sulphoaluminate curves, widely used for the optimization of concrete aggregates, and expressed as:
where U(j) is the total volume percent of particles passing through a sieve, (%); Dmax is 108 the maximal size of the aggregate, (mm); j is the diameter of the particular sieve, (mm); 109 and h is the exponent of the equation. 110 The value for h, which varies from 0.33 to 0.45, was selected as 0.33 [26, 29] in 111 this study. The mass ratios of aggregates of different particle size are given in Table 2 124 The compressive strength test of concrete was carried out according to the 173 (1) The calculation process of the specific surface area of aggregates 174 The aggregate specific surface area calculation process was simplified by 175 assuming all aggregates to be either spherical or square. The volume of each particle is 176 shown in the Equation (3) (4) 182
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Calculation process of cement paste dosage
(3)
where m is the mass of each aggregate particle, (in g); ρ is the apparent density of 183 aggregates, (in kg/m 3 ); V is the volume of each aggregate particle, (in cm 3 ); D is the 184 particle size of aggregate, (in mm); A is the specific surface area of each aggregate 185 particle, (in cm 2 ); and n is the number of aggregate particles. 186 The aggregate is of varying particle size, so the specific surface area of the 187 aggregates could be achieved according to Equation (5):
where As is the specific surface area of aggregates, (in m 2 /kg); Di is the intermediate (2) The calculation process of the total paste volume 196 Supposing that the average paste thickness of coated aggregates was termed as t 197 (in μm), the dosage of paste was calculated using Equations (6) and (7):
where V is the unit volume of the paste, (in m 3 ); t is the average paste thickness on the decreased at all three water-binder ratios. The electrical resistivity of A1 was 44%, 264 33% and 13% higher than that of C1 at the ages of 1, 3 and 28 days, respectively. 265 Sample A2 was 42%, 35% and 23% higher than that of the sample C2 at the ages of 1d, 266 3 and 28 days, respectively. From Table 4 , the dosage of cement increased with the 267 increase of the paste thickness on the coated aggregates. So porosity of concrete 268 relatively increased with the increase of the sulphoaluminate cement dosage at the 269 same water-binder ratio. 274 The coefficient of sulfate attack resistance is a key parameter in measuring the 275 durability of concrete hence the resistance coefficients of HDSCs were calculated 276 using Equation (2). The coefficients of sulfate attack resistance at the curing age of 28 277 days are shown in Fig.6 . The sulfate attack resistance coefficients of HDSCs were 278 higher than 1.0, which means that the compressive strength of concrete samples cured 279 in the 5% Na2SO4 solutions are higher than of those cured in the water at 28 days, 280 indicating that former samples have much better capability of resisting sulfate attack. 281 With the increase of paste thickness on the coated aggregates, the sulfate attack 282 resistance coefficients decreased evidently at the same water-binder ratio. The 283 coefficient of A1 was 10% higher than that of C1, and A3 was 6% higher than that of 284 C3. Sulfate attack resistance is a very important property of concrete and many studies 285 have found that the use of an excessive amount of cement, or too much water, can 286 result in high permeability which has a negative effect on the durability [14, 15, 43] . 287 When the amount of paste thickness on the coated aggregates was appropriate, the 288 structure of concrete could reach up to the close packing. Using too little paste was not 289 enough to fill the voids between the aggregates and too much paste would break the 290 close packing structure, which can be used to explain the reduced sulfate attack 291 resistance of C3. Therefore, the proper dosage of cement can also be used to produce 292 HDSCs with excellent mechanical properties and elevated resistance to sulfate attack. 293 A1 A2 A3 B1 B2 B3 C1 C2 C3 The pore structure of A1, B1 and C1 at a curing age of 28 days is shown in Figure   298 7, Figure 8 and Table 5 . Figures 7 and 8 showed that the number of micropore (less 299 than 20nm) and macropore (more than 200nm) was more than 70% and less than 10% 300 respectively. The cumulative volume of pores in A1 was much more than that in C1, 301 and the volume of micropore of the former was lower than that of the latter. These pore Table 5 demonstrates that the porosity, pore volume and specific area of the pores 307 showed an increasing trend with the increase of coating thickness. The average size of 308 pore was below 12.4nm. Therefore, the structure of HDSCs was very compact. 309 At the same water-binder ratio, the coefficient of HDSCs with 10μm was 10% higher 331 than that of HDSCs with 30μm.
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(5) At 28 days, the porosity, pore volume and specific pore area of HDSCs showed 333 an increasing trend with an increasing paste thickness on the coated aggregates. The 334 porosity of HDSCs was below 7% with 70% micropore (<20nm), and the average pore 
